We describe a method of optical refocusing for high numerical aperture (NA) systems that is particularly relevant for confocal and multiphoton microscopy. This method avoids the spherical aberration that is common to other optical refocusing systems. We show that aberration-free images can be obtained over an axial scan range of 70 m for a 1.4 NA objective lens. As refocusing is implemented remotely from the specimen, this method will enable high axial scan speeds without mechanical interference between the objective lens and the specimen. © 2007 Optical Society of America OCIS codes: 180.6900, 180.5810, 180.1790. Confocal, multiphoton, and sectioning microscopes are powerful tools in biological imaging as they produce three-dimensional (3D) images of volume specimens. These images require the acquisition of a series of optical sections from a range of focusing depths. In most systems, refocusing is performed by mechanical movement of the specimen relative to the objective lens. This has two major drawbacks. First, the axial scan speeds are slow [1] . Second, the scanning movements can disturb the specimen during the imaging process [2] . An alternative focusing method that does not require mechanical movement of the specimen is clearly preferable. In this Letter we present an optical method of refocusing that avoids specimen agitation and permits axial scan speeds higher than those in existing microscopes. The usual configuration for a high numerical aperture (NA) microscope is shown in Fig. 1(a) . The light from the specimen is imaged onto the detector by the combination of a high NA objective lens and a tube lens. Such systems are normally designed to satisfy the sine condition, which ensures that the part of the specimen lying in the focal plane of the objective is perfectly imaged onto the detector [3] . Furthermore, this condition is only satisfied for this plane. As a result, refocusing in most practical systems is implemented by moving the specimen along the optic axis. Any attempt to image out-of-focus planes by moving the detector gives rise to significant spherical aberration, an effect that becomes progressively worse for larger detector displacements [4] . The origin of the spherical aberration can be understood by considering the form of the wavefront in the pupil plane of a high NA objective lens. An emitter lying on the optical axis a distance z from the nominal focal plane of the objective produces converging (or diverging) wavefronts in the pupil, which are described by the phase term = n 1 kz cos = n 1 kzͱ1 − s 2 2 ,
Confocal, multiphoton, and sectioning microscopes are powerful tools in biological imaging as they produce three-dimensional (3D) images of volume specimens. These images require the acquisition of a series of optical sections from a range of focusing depths. In most systems, refocusing is performed by mechanical movement of the specimen relative to the objective lens. This has two major drawbacks. First, the axial scan speeds are slow [1] . Second, the scanning movements can disturb the specimen during the imaging process [2] . An alternative focusing method that does not require mechanical movement of the specimen is clearly preferable. In this Letter we present an optical method of refocusing that avoids specimen agitation and permits axial scan speeds higher than those in existing microscopes. The usual configuration for a high numerical aperture (NA) microscope is shown in Fig. 1(a) . The light from the specimen is imaged onto the detector by the combination of a high NA objective lens and a tube lens. Such systems are normally designed to satisfy the sine condition, which ensures that the part of the specimen lying in the focal plane of the objective is perfectly imaged onto the detector [3] . Furthermore, this condition is only satisfied for this plane. As a result, refocusing in most practical systems is implemented by moving the specimen along the optic axis. Any attempt to image out-of-focus planes by moving the detector gives rise to significant spherical aberration, an effect that becomes progressively worse for larger detector displacements [4] .
The origin of the spherical aberration can be understood by considering the form of the wavefront in the pupil plane of a high NA objective lens. An emitter lying on the optical axis a distance z from the nominal focal plane of the objective produces converging (or diverging) wavefronts in the pupil, which are described by the phase term = n 1 kz cos = n 1 kzͱ1 − s 2 2 ,
where n 1 is the refractive index of the immersion medium, k the free-space wavenumber, and is the normalized pupil radius. The sine condition ͑ = sin / sin ␣͒ has been used to relate ray angles to the normalized pupil radius . The constant s = NA 1 / n 1 = sin ␣ 1 where NA 1 is the numerical aperture and ␣ 1 is the semiaperture angle of the objective. The wavefront described by Eq. (1) acts as the input to the tube lens. Focusing using this low NA lens is accurately described by the quadratic, paraxial approximation. Hence, a diffraction-limited focal spot would be formed at a distance Z C if the pupil phase function is given by
where M 1 is the objective magnification. By placing the detector at a distance Z C = z͑M 1 2 / n 1 ͒ one can compensate the 2 term in Eq. (1) and refocus the system to image the object plane at z. However, refocusing in this way will not remove the higher-order radial terms in Eq. (1); it is these terms that give rise to the spherical aberration.
Refocusing on the detector side is a practical solution only if the spherical aberration can be avoided. Optical systems designed to satisfy the Herschel condition permit aberration-free imaging of points that lie along the optic axis. Perfect imaging of a volume region is therefore possible if both the sine and Herschel conditions are simultaneously satisfied. This occurs only in imaging systems with unity magnification, assuming dry lenses are used (if immersion lenses are used, the magnification must be equal to the ratio of immersion media refractive indices [3] ) Such a magnification system could be built using two microscopes back to back [ Fig. 1(b) ]. The light from the specimen is collected by the objective L1, and the 4f system formed by the tube lenses images the pupil of L1 onto the pupil of the second objective L2. This second objective lens perfectly reproduces a 3D image of the specimen in its focal region. In order to ensure correct correspondence of the pupil planes, the two objective lenses L1 and L2 are imaged onto each other by a 4f system having the following magnification:
where F 1,2 are the nominal focal lengths of the tube lenses, M 1,2 are the magnifications, and n 1,2 are the immersion media refractive indices for each objective. An appropriate detector placed in the focal region of L2 would detect a diffraction-limited image of any chosen plane in the specimen. However, the resolution required of such a detector would be a fraction of a wavelength, far beyond the capabilities of presently available devices that typically have pixel sizes around 5 -10 m. Instead, we can probe the intermediate image in the focal region of L2 using another microscope comprising the objective L3 and a tube lens. This secondary imaging system magnifies the intermediate image so that it is compatible with the detector [ Fig. 1(b) ]. Like the original microscope of Fig. 1(a) , this secondary system produces an image of the focal plane of L3 and refocusing must be performed by shifting L3 along the optic axis. However, specimen disturbance is avoided as the axial scanning now occurs remotely in the optical system.
Although the system of Fig. 1(b) removes the specimen agitation associated with axial scanning, the scanning speed would be limited by the need to move the objective lens L3 to probe different planes of the intermediate image. This can be avoided using the optically equivalent system of Fig. 1(c) . The intermediate image is formed using the same system as before. A planar mirror (M) mounted on an axial scanning stage is placed in the focal region of L2; this allows us to reuse L2 as part of the secondary imaging system. This system, composed of L2, the beam splitter, the tube lens, and the detector, creates an image of the focal plane of L2 on the detector. A quarter-wave plate and polarizing beam splitter can also be used to improve the optical throughput of this system. Refocusing is performed by scanning the mirror along the optic axis so that the plane of interest is imaged onto the detector. Moving the reference mirror axially by a distance Z R effectively introduces a phase variation of ͑͒ =−2n 2 kZ R ͱ 1−s 2 2 . Comparison with Eq. (1) shows that there is a complete cancellation of aberrations for all object points in the plane z =2͑n 2 / n 1 ͒Z R . Therefore, a perfect diffractionlimited image of this plane is produced at the detector and different planes are readily selected by scanning of the reference mirror. As the mirror can be small, this system permits high axial scan speed without specimen disturbance.
In order to illustrate the effects on imaging properties, we measured the point-spread functions (PSFs) of the different refocusing configurations. In the first case, we used the configuration of Fig. 1(a) . An expanded beam from a helium neon laser (wavelength 633 nm) was coupled into the pupil of objective lens L1 using a beam splitter (not shown in the figure). An object mirror placed a distance z from the focal plane reflected the beam back through L1 and through the tube lens, which focused the beam onto a CCD camera. L1 was an Olympus 1.4 NA 60ϫ oil-immersion objective; the tube lens was an achromatic doublet with focal length 160 mm. The axial position Z C of the CCD camera could be changed in order to probe different parts of the focal intensity distribution. For each position of the object mirror, a sequence of images was acquired using the CCD for a range of values of Z C . This image stack represents the 3D intensity distribution in the region of the detector. This distribution is mathematically identical to the intensity PSF when imaging the object plane at 2z. Figure  2(a) shows the measured PSFs for the cases Z C = 0 mm and Z C = 25 mm, respectively corresponding to axial focal shifts of 0 and 12.5 m in the specimen. The latter PSF shows significant distortion due to spherical aberration and a reduction in intensity.
Measurements were also made using the configuration of Fig. 1(c) . The object mirror was illuminated in the same manner, and the reflected light passed back through L1 and the first tube lens before passing through the second identical tube lens. The light then entered objective L2, which was an Olympus 0.95 NA 40ϫ dry objective. A dry lens was chosen to ensure that there was no mechanical interference between the reference mirror and the objective via the immersion medium. The light reflected off the reference mirror positioned at Z R , back through L2, and was reflected by the beam splitter. Another tube lens focused the light onto the CCD camera that was fixed in the nominal focal plane. For each position z of the object mirror, a sequence of images was acquired for a range of reference mirror positions Z R . The resulting image stack is equivalent to the intensity PSF when imaging the plane corresponding to 2z. Figure  2(b) shows the measured PSFs for the cases Z R =0 m and Z R =25 m, the latter case corresponding to a focal shift of 35.6 m in the specimen. It can be seen that the overall shape of the PSF was retained over this range, indicating that no significant aberrations were introduced. As similar PSFs could be measured by scanning the reference mirror in the opposite direction, this system provided over 70 m of refocusing depth. We note that this system incorporated a 1.4 NA oil-immersion objective lens and a 0.95 NA dry reference lens.
In order to illustrate the imaging capabilities of this method we built a confocal imaging system using a lenslet array tandem scanning microscope CSU10 (Yokogawa, Japan) working in fluorescence [5] . Using the system of Fig. 1(c) , the scanning unit was placed so that the pinholes were conjugate to the detector plane. Illumination was provided via the scanning unit by a supercontinuum laser source SC450 (Fianium, UK) filtered with a bandpass filter of 40 nm width centered at 470 nm. The specimen was a mouse kidney section (FluoCells prepared slide #3, stained with Alexa Fluor 488, from Molecular Probes, Invitrogen). Two stacks of images were recorded from the same region of the specimen. The images of one particular xz section through both these stacks are shown in Fig. 3 . For the first stack, the dry reference objective was replaced by a low NA 100 mm achromatic doublet. The mirror was then scanned in steps of 0.2 mm, starting from the focal position of the 100 mm lens. This was optically equivalent to moving the CSU10 pinhole array away from the tube lens if we had used the system in Fig. 1(a) . The xz image generated is shown in Fig. 3(a) . The top of the image shows good detail, but spherical aberration reduces the image quality when refocusing to deeper regions of the specimen.
The second stack was taken by holding the specimen stationary and scanning the reference mirror in steps of 0.4 m. As can be seen in Fig. 3(b) , the imaging resolution was maintained at all scan depths.
In conclusion, we have presented a modification for high NA imaging systems that allows optical refocusing to be performed without introducing significant spherical aberration. We anticipate that this will be useful for three main reasons. First, this method allows faster axial scan rates than are currently available and hence xz scanning or indeed scanning along arbitrary trajectories at high speed becomes possible. Second, the specimen remains stationary and hence is not disturbed by the refocusing. Third, this method permits extension of the working distance of the objective.
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